The aim of this experimental study was to evaluate the effects of nicotine on sperm motility and on nonconventional sperm parameters in vitro. Capacitated spermatozoa isolated from 10 normozoospermic, healthy, non-smoker men were evaluated. Spermatozoa were exposed to increasing concentrations of nicotine (0, 1, 10, and 100 nglml) for 3 and 24 hours. Progressive motility and the following nonconventional sperm parameters, evaluated by flow cytometry, were assessed: mitochondrial membrane potential, viability, phosphatidylserine externalization, late apoptosis, degree of chromatin compactness, and DNA fragmentation. Nicotine suppressed, in a concentration-dependent manner, sperm progressive motility starting from the lowest concentration used (1 ng/ml), Similarly, it reduced the percentage of viable spermatozoa and increased the number of spermatozoa in late apoptosis, with altered chromatin compactness, or DNA fragmentation already after 3 hours of incubation. These effects were observed at a concentration similar (100 nglml) to that found in the seminal plasma of smokers (70 ng/ml), with the exception of the effects on sperm DNA fragmentation whose significant effect was detected also at a lower concentration (10 ng/ml), Nicotine may be regarded as a noxious component of cigarette smoke on the male reproductive function.
Cigarette smoking is a risk factor for the onset of male sexual and reproductive diseases even today despite this topic bring highly controversial. In particular, it seems to alter sperm function though the mechanism(s) are still not entirely clear. Indeed, the combustion of tobacco releases more than 4,000 chemicals; some of them in the gaseous phase (carbon monoxide, nitric oxide, ammonia, hydrocarbons, etc.), others, such as nicotine, in the particulate phase.
Nicotine is an alkaloid, and in nature is found in a non-ionized form (lipophilic) in an alkaline environment and in an ionized form (hydrophilic) in an acid environment. Under physiological conditions (pH 7.3-7.5) because of its lipophilic form (31%), nicotine crosses the biological membranes and is absorbed by the mucous membranes and skin and more than 80% is metabolized in the liver, kidney, and lung. CYP2A6 is the main cytochrome involved in its metabolism and thus in its oxidation. Nicotine concentration in the saliva of a subject, who has just finished smoking a cigarette, is about 1.56 mg/ml, 100,000 times higher than concentration in the peripheral blood, while the concentration of nicotine absorbed is about 1 mg/cigarette. From the bloodstream, nicotine and its metabolites go into biological fluids such as urine and seminal fluid. In particular, nicotine concentration in the seminal plasma of smokers is higher than that of the blood serum. Nicotine concentrations are also high in nonsmokers who are passively exposed to cigarette smoke.
Aydos and colleagues investigated the influence of nicotine exposure on the ultrastructure of the rat testis. Rats exposed showed: thickening of the tunica propria because of increased collagen fibres under an irregular basal lamina; degeneration of the tight junctions between Sertoli cells, with abnormal nuclei showing condensed chromatin; and Sertoli cells with numerous polymorphic mitochondria with irregular cristae and an electron-dense matrix. Germ cells degenerated; spermatids retained excess cytoplasm and accumulated electron-dense lipid droplets in the cytoplasm. The acrosomes were irregular and abnormally configured (I). In a previous study, Gandini and colleagues, using nicotine concentrations similar to those found in seminal fluid of smokers (70 ng/ml) and 500 times greater (35,000 ng/ml), after 4 hours of incubation, reported a statistically significant decrease of sperm progressive motility and kinetic parameters (2) . We subsequently showed that cigarette smoke extract strongly inhibited, in a concentration-and timedependent manner, not only sperm progressive motility, but also of the percentage of spermatozoa with altered mitochondrial membrane potential (MMP), chromatin damage, and apoptosis (3). On this basis, this study was designed in the attempt to better clarify the role of nicotine, the major component of the smoke extract, on sperm motility in vitro extending the evaluation to non-conventional sperm parameters. To accomplish this, capacitated spermatozoa obtained from normozoospermic healthy men were isolated and exposed to increasing concentrations of nicotine (0, 1, 10 ng/ml and 100 ng/ml) for 3 and 24 hours to evaluate the effects of this alkaloid after a short-and long-term incubation length. Nicotine was tested at concentrations selected according to previous studies (2) as well as at lower concentrations similar to those found in men who are passively exposed to cigarette smoke (l0.7±8.5 ng/ ml). At the end of the incubation, sperm motility and the following non-conventional sperm parameters were evaluated by flow cytometry: mitochondrial membrane potential (MMP), phosphatidylserine (PS) extemalization (early sign of apoptosis), late apoptosis, degree of chromatin compactness, and DNA fragmentation.
MATERIALS AND METHODS
Ten nonnozoospennic, healthy, non-smoking men (age 32.2±5.5 years) were enrolled in this study. A complete medical history was collected and all of them underwent a careful physical examination and laboratory and ultrasound instrumental evaluation. Men with male accessory gland infection (4), systemic diseases (5, 6) , microorchidism (testicular volume <12 ml) (7) , history positive for cryptorchidism (8) or varicocele (9), drug and/or alcohol use/abuse (10) , and recent «12 months) hormonal treatments were excluded. The protocol was approved by the internal Institutional Review Board and an informed written consent was obtained from each patient.
Sperm analysis
Semen samples were collected by masturbation after 3-5 days of sexual abstinence. After liquefaction, they were analyzed according to the World Health Organizationcriteria (II) ( Table I) .
Evaluation ofsperm motility
To evaluate sperm motility we prepared a slide with a thickness of 20 urn between slide and coverslip, and after stabilization we observed the sperm in an area 5 mm away from the edge. Thus, we analysed the motility ofall sperm evaluating the three classes of motility according to the World Health Organizationcriteria (II).
Subsequently, spermatozoa were separated by swimup technique using Biggers, Whitten, and Whittingham medium (BWW) with capacitating properties. Spermatozoa were then recovered from the supernatant according to their capacity to migrate from the bottom of the test tube to the surface (swim-up test). About 5xl0 6 cells were incubated with nicotine (0, I, 10, or 100 ng/ m\) for 3 or 24 hours. The pH values measured for each experiment were found to be overlapping. At the end ofthe incubation, motility, according to the WHO criteria (II) and non-conventional sperm parameters were evaluated as outlined below.
Sperm flow-cytometry evaluation
Flow cytometry was performed using the flow cytometer EPICS XL (Coulter Electronics, IL, Italy), equipped with a 488 mm argon laser with three fluorescence detectors, green (FL-I at 525 nm), orange (FL-2 at 575 nm) and red (FL-3 at 620 nm). For each sample 100,000 events were measured at a low flow rate and analyzed with System IITM software, Version 3.0.
We have investigated sperm mitochondrial membrane potential (MMP) (after (5,5',6,6'-tetrachloro-I,1 ',3,3'tetraethyl-benzimidazolylcarbocyanine chloride, JC-I, staining), PS externalization (following annexin VI propidium iodide (PI) double staining), chromatin compactness (following PI staining), and DNA fragmentation (using the TUNEL assay).
Evaluation ofthe mitochondrial membrane potential
An aliquot containing Ix10 6 spermatozoa/ml was incubated with JC-l (5.5', 6.6'-tetrachloride-l.l', 3.3' tetraethyl benzimidazolyl carbocyanine iodide) (Molecular Probes, Space Import Export, Milan, Italy) and incubated for 10-15 min at 37°C in the dark. At the end of the incubation period the cells were washed in phosphate buffered saline (PBS) and analysed.
Annesxin V/propidium iodide double staining
Staining with annexin VIPI was performed using a commercial kit (Annexin V-FITC kit, Beckman Coulter, Milan, Italy). Briefly, an aliquot containing 0.5-lxI0 6 spermatozoa/ml was suspended in 0.5 ml of buffer containing 5 Itl of annexin V-FITC plus 10 ul of PI and incubated for 10 min at 4°C. After incubation the sample was analysed immediately. Signals were detected by means of the FL-I (FITC) and FL-3 (PI) detectors. The cellular population in question was identified in a forward (FSC) vs side-scatter (SSC) plot. The different staining patterns allowed the different cellular populations to be identified. The cells in early apoptosis expressed PS on the surface, which is bound by a protein with high binding affinity for it and, only when the cell membrane is damaged, propidium iodide is able to penetrate within the cell. On this account, FITC and PI negative events indicated vital spermatozoa; FITC positive and PI negative events indicated spermatozoa with PS externalization, and FITC and PI positive events were considered spermatozoa in late apoptosis.
Evaluation ofthe degree ofchromatin compactness
PI staining was performed after permeabilisation of the cellular membrane in order to allow penetration of the fluorochrome at the nuclear level. Briefly, Ix10 6 spermatozoa were incubated with LPR DNA-Prep Reagent containing 0.1% potassium cyanide, 0.1% NaN3, non-ionic detergents, salts and stabilizing agents (Beckman Coulter, IL), in the dark, at room temperature for 10 minutes and then incubated with Stein DNA-Prep Reagent containing 50 ug/ml of PI «0.5%), RNAse A (4 Kunits/ml), <0.1% NaN3 (Beckman Coulter, IL) in the dark at room temperature. The cytofluorimetric analysis was conducted after 30 min. In this analysis, only the FL3 detector was used.
TUNEL assay to evaluate DNA fragmentation
TUNEL assay was carried out using a commercial kit (Mebstain Apoptosis kit direct, DBA, Milan, Italy). After permeabilization, the terminal deoxynucleotidyl transferase (TdT) was added and bound free 3'OH ends that are located at the level of interrupted DNA strands. In order to obtain a negative control, the TdT was omitted from the mixing reaction. The positive control was obtained by pre-treating the spermatozoa with I ug/ml of deoxyribonuclease I not containing RNAse at 37°C for 60 min prior to colouration. The light-scattering and fluorescence data were obtained at a fixed setting in logarithmic scale. The percentage of spermatozoa colored with FITC was determined using the flow cytometer FL-I detector.
Statistical analysis
The results are reported as mean±SEM. The data were analyzed by I-way analysis of variance (ANOVA) followed by the Duncan Multiple Range test or Student's t-test, as appropriate. SPSS 9.0 software for Windows was used for statistical evaluation (SPSS Inc., Chicago IL, USA). A statistically significant difference was accepted when the p value was lower than 0.05.
RESULTS
The effects of increasing concentrations of nicotine on sperm progressive motility are shown in Fig. I . Nicotine suppressed sperm progressive motility in a concentration-dependent manner. After 3 h of incubation, nicotine inhibited significantly sperm motility from the lowest concentration used (l ng/ml) (p<0.05, l-way ANOVA followed by Duncan's test). At the concentration of 100 ng/ml, the suppressive effect was significantly stronger from that observed with the concentrations of I and 10 ng/ml (p<0.05, l-way ANOVA followed by Duncan's test). After 24 h of incubation, the effect became significant from the concentration of 10 ng/ml (p<0.05, l-way ANOVA followed by Duncan's test). The apparently lower efficacy of nicotine after 24 h compared with 3 h of incubation, relates mainly to the significantly lower percentage of motile spermatozoa found after 24 h (p<O.OI vs 3 h, Student's r-test), Nicotine did not have any significant effect on spenn MMP either after 3 or 24 h of incubation (data not shown).
An inhibitory effect of nicotine of sperm viability was observed both after 3 and 24 h of incubation ( Fig. 2, panel A) . The effect reached the statistical significance only at the concentration of 100 ng/ml (p<0.05, l-way ANOYA followed by Duncan's test). Nicotine effects on PS extemalization was tiny (Fig.  2, panel B) . A significant effect was observed only with nicotine concentration of 100 ng/ml after 3 h but not after 24 h of incubation (p<0 .05, l-way ANOYA followed by Duncan's test). Nicotine exposure resulted in a significant increase of spermatozoa in late apoptosis (annexin Y and PI positive cells) at the concentration of 100 ng/ml both after 3 and 24 h of incubation (Fig. 2, panel C) .
Sperm parameters
Nicotine increased the percentage ofspermatozoa with chromatin alteration (Fig . 3, panel A) . The effect reached the statistical significance at the concentration of 100 ng/ml both after 3 and 24 h of incubation (p<0.05 , l-way ANOYA followed by Duncan's test). Similarly, nicotine increased significantly, in a concentration-dependent manner, the percentage of spermatozoa with fragmented DNA after 3 and 24 h of incubation (p<0.05, l-way ANOYA followed by Duncan's test) ( Fig. 3, panel   B ). 
DISCUSSION

. In vitro effects of increasing nicotine concentrations on sperm viability (panel A), phosphatidylserine (PS) externalization (panel B) , and late apoptosis (panel C)
. Results are the mean±SEMfrom 10 different normozoospermic healthy men. Results (expressed in percentages) are the mean±SEMfrom 10 different normozoospermic healthy men. motility after in vitro exposure. Interestingly, we found that nicotine was effective from the lowest concentration tested ( 1ng/ml). This amount ofnicotine is about l/LO" that found in men who are passively exposed to cigarette smoke where the average semen concentration of nicotine is 1O.7±8.5 (mean±SEM) ng/ml. The suppressive effect of nicotine on sperm motility was, however, less marked than that we found after incubation with cigarette smoke extract (3), suggesting that other components of this latter have a detrimental effect on sperm motility, at least under these experimental conditions. This finding closely resembles that of a previous study which, using a similar methodological approach, showed that aspirated cigarette smoke, but not nicotine or its metabolite cotinine, was able to suppress sperm kinematic parameters (2) . In particular, average concentrations of nicotine (70 ng/ml) or cotinine did not significantly modify sperm kinetic parameters, evaluated by computerized sperm analysis system, for up to 24 h of incubation. However, a statistically significant alteration of all the kinetic variables was observed when nicotine was used at concentrations about 500 times higher than those found in smokers' seminal plasma (35,000 ng/ml). On the other hand, experiments conducted to test the effects of cigarette smoke in toto showed a drastic alterations of all the sperm kinetic parameters after 30 min exposure to aspirated smoke and increased progressively until almost complete immotility was observed after I h of incubation (2) . Although the link between cigarette smoking and male infertility has clearly been shown, there is not much evidence on the effects of nicotine on non-conventional sperm parameters. Therefore, we explored the effects of nicotine on sperm mitochondrial function and chromatin/DNA integrity by flow cytometry. Since a close relationship between sperm motility and MMP has been reported (12), we explored whether nicotine had any effect of mitochondrial function. No significant effect was observed on this parameter, suggesting that the detrimental effect of nicotine on sperm motility may relate to other mechanisms. Despite the energy required for sperm motility being mainly produced during the oxidative phosphorylation, Piasecka and Kawiak reported that a motility reduction may be caused not only by an impaired mitochondrial function, but also by changes occurring in axoneme structure, dense fibres, and the fibrous sheath (13) . In addition, another important source of ATP is generated by glycolysis along the flagellum (14) . Kumosani and collaborators found that cigarette smoking leads to alterations in the activity of the Ca't-Af'Pase and sperm motility. This effect has been attributed to the increase of the concentration of cadmium in the seminal fluid and the reduction of that of zinc (15) . A loss of motility may relate to the increased number of nonviable spermatozoa observed after nicotine incubation.
Accordingly, the double staining with annexin-V and PI, showed that nicotine decreased the number of viable spermatozoa. However, this effect was achieved at the highest concentration tested. Similarly, Arabi showed that spermatozoa from normozoospermic men exposed to nicotine had a loss of viability (by eosin staining) (16). Zavos and colleagues have shown that the seminal plasma of smokers reduces the viability of the sperm of non-smoking patients (17) . A scanty effect was observed on the percentage of spermatozoa with PS extemalization, suggestive of early apoptosis, whereas a more robust impact was observed on the percentage of spermatozoa in late apoptosis. Again this effect was observed at the highest concentration used. Altogether, these effects suggests that high concentrations of nicotine decrease sperm viability because this alkaloid causes PS extemalization and damages the sperm membrane. A study on men has shown an elevated PS extemalization on the sperm plasma membrane (assayed by annexin V positive staining) and a significant increase of apoptotic spermatozoa in the ejaculates of smokers (18) .
A significant increase of spermatozoa with abnormal chromatin and DNA fragmentation was observed. After 3 h of incubation, the effect on this latter parameter was concentration-dependent and started from 10 ng/ml of nicotine, a concentration similar to that observed in the seminal plasma of cigarette smokers. These findings agree with those reported by Arabi who showed that nicotine cause double-stranded DNA breaks in the sperm nuclei (by Comet assay), but only at the highest concentration he tested (0.75 mM -121680 ng/ml) (16) . Since also a significant correlation was observed between lipoperoxidation rate and the percentage viable spermatozoa or germ cells with fragmented DNA, Arabi hypothesised that nicotine is a potential oxidant agent with detrimental effects on sperm plasma membrane and DNA (16) . Furthermore, nicotine seems to alter the GSH metabolism cycle, changing the sperm morphology and motility, and also inducing DNA fragmentation. The addition of antioxidants seems to revert, at least partially, the negative effect of the nicotine on the sperm function (19) . Belcheva and colleagues found an increased frequency of double-and single-stranded DNA breaks in spermatozoa of smokers compared with non-smokers, however, this difference did not reach statistical significance. Although the reported sperm DNA integrity of healthy smokers was within the normal range, a clear negative trend is observed (18) . A recent study by Fariello and colleagues showed a decreased sperm DNA integrity and mitochondrial activity, whereas lipid peroxidation increased in male smokers with varicocele. A proteomic analysis showed 20 proteins differentially expressed between a control group of non-smokers, a moderate smokers group, and a heavy smokers group (20) .
In conclusion, this study showed that nicotine, the main component in cigarette smoke, significantly alters sperm motility, viability, chromatin compactness, and DNA fragmentation in vitro. These detrimental effects were observed at different concentrations, some at very low concentrations (motility and DNA fragmentation) similar to those observed in the seminal plasma of smokers, and other parameters (viability and late apoptosis) at concentrations about 10 times higher than those observed in smokers. Therefore, nicotine may be considered a component of cigarette smoke deleterious for conventional and non-conventional sperm parameters. Cigarette smoking cessation should be firmly prescribed to infertile male patients.
